ABSTRACT: Weekly changes in adult Anopheles species were monitored at Camp Humphreys (CH), Ganghwa Island (GH), and Warrior Base (WB), from May-October, 2009 to explore the relationship between Plasmodium vivax development and vector dynamics in the Republic of Korea (ROK). Adult females were trapped and dissected to determine parity for estimating longevity, mortality, and birthrate. A degree-day (DD) method was used to estimate the extrinsic incubation period (EIP) of P. vivax and duration of the gonotrophic cycle and other life stages. Anopheles sinensis was the predominant species, with satellite data showing peak abundance occurring after the period of maximum greenness. Abundance peaks were location dependent, comprised nulliparous and parous females, and timing could not be fully explained by DD estimation. Parity showed synchronicity between locations and years and was highest for September and lowest during maximum greenness. Mosquito longevity was predicted to exceed the EIP (when malaria transmission is possible) during weeks 29, 31, 34, and near the end of the season. Area-wide changes in parity suggest a common cause; information on local larval habitat and agricultural practices may explain location-specific effects. DD estimates of EIP and parity could be used to predict when conditions are suitable for P. vivax transmission. Journal of Vector Ecology 42 (2): 335-348. 2017.
INTRODUCTION
Plasmodium vivax malaria poses a continuing health problem in the Republic of Korea (ROK), with most transmission occurring near the demilitarized zone (DMZ) that separates North (Democratic People's Republic of Korea, DPRK) and South Korea . Mosquito blood-feeding behavior, human biting rate, mosquito survival, and the proportion of salivary gland positive female mosquitoes are basic epidemiological variables of malaria transmission models, and estimates based on seasonal changes have been identified as more informative than single points in time (Smith and McKenzie 2004) . Of primary interest is estimating seasonal changes in mosquito vector longevity and, consequently, the ability of vector populations to develop P. vivax parasites to the infective sporozoite stage. Information about differences in vector competence, based on estimates of longevity and thermal requirements for P. vivax development in the mosquito enhances our knowledge and provides a better understanding of the relationships between the development of P. vivax parasites and vector dynamics in the ROK.
Parity rates, based on the examination of the ovaries, identify parous females that have oviposited at least once from unfed nulliparous females that have not developed eggs and provide an estimate of the population age structure (Detinova 1962) . For adult females, an oviposition cycle involves locating a host, bloodfeeding, rest, locating an oviposition site, and oviposition, each of which involves different levels of risk that affect survival rates (Charlwood 2003) . If the risk of death does not increase with age, survivorship follows an exponential decline, which forms the basis of an age-independent survival (p) estimate using the formula p n = M (where n is the number of days between adult emergence and the first oviposition and M is the parity rate). As populations are rarely in equilibrium, sampling using this method of estimating survivorship is normally made over a complete population cycle, or in the present study, a complete season when mosquitoes are active (Charlwood 2003) . However, Briet (2002) presented a method for calculating sequential mortality rates that corrected for seasonal variations in recruitment.
Anopheles sinensis Wiedemann sensu stricto (s.s.) has been implicated as a malaria vector and is the predominant Anopheles spp. collected south of Gyeonggi and Gangwon provinces in the ROK , Oh et al. 2010 , Rueda et al. 2010a . There is increased support for An. kleini Rueda and An. lesteri Baisas & Hu, which are more commonly collected near the DMZ, as the primary vectors of vivax malaria in Korea, while An. sinensis is a poor vector , Foley et al. 2009 , Joshi et al. 2009 , Ubalee et al. 2016 . Less is known about the malaria vector competence of An. belenrae Rueda, An. pullus Yamada, and An. sineroides Yamada, which are more commonly collected near the DMZ than other areas of the ROK (Rueda et al. 2010a , b, Kim et al. 2007 , Foley et al. 2012b . Results of previous studies of vector species seasonality and vectorial capacity need to be reassessed in view of new information (Wilkerson et al. 2003 , Li et al. 2005 , Rueda 2005 ) about the taxonomic complexity of anophelines in the ROK.
Studies of the seasonal abundance of vector populations in the ROK are important prerequisites for identifying potential malaria high-risk areas (Kim et al. 1997 , Shim and Kim 1999 , Strickman et al. 2000 , Shin et al. 2005 , Jeong et al. 2010 , Oh et al. 2010 . According to Ree (2005) , females of the first generation of An. sinensis sensu lato (s.l.) typically appear in late April-early May, with peaks in abundance in late June-early July, a decline in August, and a secondary peak in early September, before the disappearance of biting adults in late October/early November. Kim et al. (1995 Kim et al. ( , 1997 Kim et al. ( , 1999 reported, as part of a U.S. mosquito suveillance program at U.S. military installations and training sites, that An. sinensis s.l. numbers peaked in July or August, with few mosquitoes collected in May. Ree (2005) reviewed studies of the seasonal prevalence of An. sinensis s.l. and concluded that there is significant location-to-location and year-to-year variation in relative abundance and peak populations. Wetland rice agriculture with planting in June-July, irrigation from May-September, and harvesting in October-November is an important larval habitat for members of the Anopheles (Hyrcanus) group (An. sinensis s.l.) (Ree 2005) . According to Rafatjah (1988) , mosquito breeding in modern rice growing systems in Japan and Korea becomes intense soon after the fields are planted and flooded and as many as six broods of mosquitoes can be produced within one irrigation/ crop cycle. However, as rice plants mature and increase in height, breeding slows and is limited to open (sunlit) areas. Deliberate cycles of flooding and draining, as well as periods of low rainfall (drought) and intense flooding rains, impact mosquito breeding in rice fields. However, Ree and Lee (1993) found that population densities of An. sinensis s.l. were not strongly correlated to area under rice cultivation, unlike Culex tritaeniorhynchus Giles that had a much stronger positive correlation (Richards et al. 2010) . The presence of alternative hosts, distance from larval habitats, and topography (e.g., hills) that concentrate mosquitoes flying from rice fields may contribute to site-to-site variation in trap catches (Strickman et al. 2000) .
An extensive study of the seasonal compositions, densities, longevity, and sporozoite infection rates of Anopheles spp. was undertaken at nine locations on Ganghwa Island from April to October, 2008, where it was shown that parity of An. sinensis s.l. peaked at week (Wk) 37, possibly reflecting a consistent pattern between years (Oh et al. 2010) . In one study, it was shown that An. sinensis s.l. was moderately long-lived (Hong 1977, unpublished Ph.D. thesis), while another showed that monthly parity rates of An. sinensis s.l. varied between 52.0-71.6% from June to October at a location near the DMZ (Shin et al. 2005) . While these authors noted that the highest parity rates in July and September coincided with high adult trap numbers, these observations did not agree with Lee et al. (2002) , who showed highs in malaria cases in July/ August and a low in September. Ree et al. (2001) observed a positive correlation between adult population densities of An. sinensis s.l. and parity, and suggested that the decline they observed in August was caused by a shorter life span of the mosquito during that time. Quantifying abundance, longevity, and mortality at different sites may be a first step to testing this hypothesis.
Mosquitoes have adult terrestrial and aquatic immature life stages, so adequate water and heat are basic requirements for mosquito development. Ree and Lee (1993) reported that summer air temperature was correlated with the adult An. sinensis s.l. population densities, but not precipitation, sunshine hours, relative humidity, and winter temperatures. However, Lee and Kim (2001) reported that temperature and precipitation were both major factors influencing An. sinensis s.l. populations.
This study is part of a larger exploration by the authors of malaria vector and parasite dynamics in the ROK. The aim is to identify area-wide seasonal patterns in demographic variables of vector species and to explore explanatory environmental factors for these patterns to assist in the development of a predictive surveillance approach for estimating malaria risks.
MATERIALS AND METHODS

Mosquito collection
Adult types requires caution but does allow results to be compared to other studies using those trap types and can strengthen conclusions about area-wide effects when these are seen regardless of trap type. Mosquitoes were identified to Anopheles (Hyrcanus) Group or species (An. koreicus, An. lindesayi japonicas, and An. sineroides) and culicines by morphological techniques, blood fed or gravid anophelines removed, and the remainder of the anophelines counted. Samples of each calendar week's collection, by location, were separated for species identification and parity estimation. Parity was determined by ovary dissection under a microscope (x100) and examination of tracheolar skeins for coiling. Weekly numbers of parous and nulliparous females for each species and locality were calculated.
Mosquito identification
Anopheles koreicus, An. lindesayi japonicas, and An. sineroides were identified by morphological techniques (Lee 1998 , Tanaka et al. 1979 . For other species, the head and thorax of individual females were separated from the abdomen and placed in 150 µl of M2 buffer in 96-well plates and stored at 4° C. For species determination, 150 µl of M1 buffer with Proteinase K enzyme was added to each well and samples digested overnight at 56° C in a shaker incubator. DNA was then extracted using the AutoGen DNA extraction robot (AutoGen Inc., Holliston, MA), which utilizes a phenol/chloroform extraction technique, and eluted to 100 µl R9 elution buffer for downstream processing. Anopheles spp. were identified by ITS2 species-specific size polymorphism (Li et al. 2005) . A multiplex PCR used primers for five Anopheles spp. present in the ROK: An. sinensis, An. lesteri, An. pullus, An. belenrae, and An. kleini. The following master mix was used for ITS2 amplification: 6.14 µl of sterile H 2 O, 1 µl of 10X buffer, 0.4 µl of MgCl, 0.4 µl of dNTPs, 0.4 µl of ITSF, 0.4 ul of ITSR, 0.2 µl (10mM) of each primer of the above five species, 0.04 µl of Taq polymerase, and 1 µl of DNA template.
The following thermo-cycling protocol was used: 95° C for 2 min followed by 34 cycles at 94° C (30 s), 60° C (30 s) and 72° C (1 min), followed by a final extension at 72° C and then stored at 10° C. Amplified PCR products were run for 2 h on a 4% agarose gel, and band size polymorphism was used to determine species. To verify accuracy, eight individuals from each species were selected from different plates and the entire ITS2 region sequenced. These sequences were run through the BLAST database, and sequence assigned IDs were cross-checked with pattern assigned IDs.
Weather and satellite data
We obtained 2009 weather data for Munsan (ID 47099099999, 37.883°N, 126.767°E, 4.5 km south of WB), and for Pyeongtaek (ID 47127099999, 36.967°N, 127 .033°E, 1 km from CH), using the National Climatic Data Center website (http://www.ncdc.noaa. gov/oa/ncdc.html). Data were 'Surface Data Global Summary of the day' , and 'Surface data hourly global' . Missing data were identified and excluded, hourly data were averaged for each day, and maximum and minimum temperatures were calculated in MS-Excel ® (Microsoft ® Corp, Seattle, WA). Average minimum and maximum temperatures were obtained for Samseong-ri, Ganghwa Island (37.7068°N, 126.4458°E) via the Korean Meteorological Administration http://www.kma.go.kr/sfc/sfc_03_02.jsp that is 7.8 km south of the Ganghwa Island collection site. The GH and WB collection sites were 30 km apart, and 104, and 110 km north, respectively, of the CH collection site.
A time series of V005 MODIS Land Cover Dynamics (MCD12Q2) data for 2009 was obtained from the USGS MODIS Reprojection Tool Web Interface (MRTWeb) at http://mrtweb. cr.usgs.gov/. The MCD12Q2 product at 500 m resolution provides estimates of the timing of vegetation phenology (vegetation growth, maturity, senescence, and dormancy), based on information about the enhanced vegetation index (EVI). Although the MCD12Q2 product records data for two growing cycles in a year, only one cycle is normal for the study area. The impact of the extent of environmental sampling around trapping sites was tested by comparing a 1, 5, and 10 km radius polygon (buffer) centered on the GH, CH, and WB collection sites. These buffers were used to extract the average of pixel values for Land Cover Dynamics using ESRI ® Arc Map 9.2 Spatial Analyst Tools. Pixel values (days since January 1, 2000) were converted to date and corrected using the scale factor found on the product site (LP DAAC https://lpdaac. usgs.gov/lpdaac/products/modis_products_table/).
Parasite development
Accumulated degree-days is an estimate of heat available for development above a developmental threshold. The upper limit for development for P. vivax is 29.8-30° C (Stratman-Thomas 1940, Ikemoto 2008) with a lower limit of 14.5-16° C (Nikolaev 1935 , Stratman-Thomas 1940 , Ikemoto 2008 . Nikolaev (1935) showed that maturation of P. vivax sporozoites in Russian An. maculipennis Meigen in Russia required 105 degree-days. Degreeday accumulation for P. vivax development in the mosquito was calculated using the double sine method with the horizontal upper cutoff option, and 16/30°C lower and upper thresholds, using the calculator at http://www.ipm.ucdavis.edu/WEATHER/ddretrieve. html. The number of days from the start of a given week that was required to accumulate 105 degree-days (the EIP) was determined for each week.
Thermal requirements for development of the vector
Larva to pupa and pupa to adult. Mogi and Okazawa (1996) reported that An. sinensis s.l. larvae in Japan require 164 degreedays to complete development (developmental threshold 10° C), and pupae need 38 degree-days (developmental threshold 6° C). Because radiant heat can substantially increase water temperatures in rice fields, these authors experimentally determined the linear relationship between mean air temperature and the corresponding logarithm of water temperature at a depth of 5 mm, i.e., Log 10 W = 0.9402+0.0196A, where W is the mean water temperature and A is the daily mean air temperature. We used this formula to translate daily minimum and maximum air temperatures into equivalent water temperatures for degree-day calculations, using the same methodology used for sporogony calculations. We assumed an upper threshold of 35° C for larval and pupal development.
Adult to oviposition. During high temperatures in NW India in July, An. subpictus Grassi took six days from emergence of the adult female to oviposition (Bates 1949) . It was assumed in the present study that following emergence, the typical adult female obtains sugar while feeding on nectar feed and mates during the first day; blood feeding, and the commencement of gonotrophic development, occurs on the second day (night). This ignores the possibility of multiple blood feeds prior to the first egg batch by some individuals, as noted in other species (Arunachalam et al. 2005) . Ree (2005) noted that An. sinensis s.l. in Korea started blood feeding on cattle when temperatures were as low as 12° C, even biting during the daytime if that was when this threshold was reached.
The duration of the gonotrophic cycle is usually assumed to be from two to four days but is partially dependent on ambient air temperature. For An. sinensis, the average duration of the gonotrophic cycle from July-August in northern Gyeonggi province was 2.7 days (Ree et al. 2001) . Using weather data for Munsan in 2009 and assuming a 10° C developmental zero, this corresponds to approximately 46 degree-days. Therefore, we assumed An. sinensis s.l. gonotrophic development commences at 10° C and requires 46 degree-days.
Egg to larva. In most mosquito species egg development is completed in two to three days (Bates 1949) . For example, Thomson (1940) observed that for An. minimus Theobald, the time between oviposition and hatching occurred in seven days at 16° C, 3.5 days at 20° C, 2.5 days at 25° C, and two days at 30° C and 35° C. This converts to a developmental zero of approximately 10° C with a thermal constant of 40 degree-days. Similarly, Mahmood and Crans (1998) determined that for Culiseta melanura (Coquillett), embryonic development was 9.38° C and 38.46 degree-days were required from oviposition to eclosion. Based on these data, it was estimated that An. sinensis s.l. egg development commences at 10° C and requires 40 degree-days to eclosion.
The degree-day calculator, as described above, was used to calculate the number of days for each stage of development for each week. To allow for comparisons between species, the thermal requirements of An. sinensis s.l. detailed above were assumed to be similar for the other anopheline species considered here.
Demographic parameters
Seasonal variations in mortality, longevity, and birth rates for each mosquito species at each site were calculated in MS Excel according to the methodology of Briet (2002) , using weekly parity rates, trap catch numbers (as an estimate of recruitment), and degree-day estimates of the gonotrophic cycle. Using this method, fluctuating mortality rates can be calculated that correct for effects of recruitment. Briefly, data on weekly parity rates and abundance were smoothed over three collections [e.g., for Wk 30 in the formula notation of Excel this was = AVERAGE(Wk 29:Wk 31)], the natural logarithm of abundance was calculated [e.g., for Wk 30 it was = LN(Wk 30)], the log slope between succeeding smoothed abundance points (ß -µ) calculated [e.g., for Wk 30 it was = LN(Wk 31) -LN(Wk 30)], the birth rate (ß), assuming a 2-day gonotrophic cycle (g = 2), for Wk 30 it was = -1/2*LN (smoothed parity for Wk 30), the mortality rate (µ) would be the birth rate minus (ß -µ), the daily survival for Wk 30, for example with g = 2, it was the square root of the parity of Wk 30 [i.e. = POWER(parity of Wk 30,0.5)], and the longevity = 1/(-LN(daily survival Wk 30)).
RESULTS
A total of 4,664 Anopheles spp. that were collected during 2009 were identified to species, i.e. 1,042 from CH, 1,989 from GH, and 1,633 from WB. The overall parity rates for CH were 51.1% (n=1,023), for GH were 68.8% (n = 1,952), and for WB were 57.0% (n = 1,586). A total of 4, 123 (207 An. belenrae, 451 An. kleini, 206 An. pullus, 3, 254 An. sinensis, and five An. sineroides) were identified to species and parity determined. The overall parity rates for members of the Anopheles Hyrcanus Group and An. sineroides at CH were 52.0% [An. belenrae (100%, n = 4), An. kleini (100%, n = 7), An. pullus (80.0%, n = 49), An. sinensis (54.6%, n = 877)]; GH 69.3% [An. belenrae (64.5%, n = 138), An. kleini (83.3%, n = 12), An. pullus (89.8%, n = 49), An. sinensis (69.5%, n = 1527), An. sineroides (100%, n = 2)]; and WB 58.3% [An. belenrae (60.0%, n = 65); An. kleini (47.0%, n = 432), An. pullus (57.4%, n = 108), An. sinensis (62.8%, n = 850), An. sineroides (100%, n = 3)]. An additional 1,774 anophelines were collected from WB in 2010, of which 1,392 were dissected for a combined parity rate of 68.4%. Only An. belenrae, An. kleini, An. pullus, and An. sinensis were considered further as these species represented the vast majority of the Anopheles species caught.
Parity was summed across the different anopheline species for the three locations (Figure 2 ). Overall, there was a strong pattern of synchronicity despite the distances between locations and two trapping methods. From Wk 33, parity was consistently highest at GH, and lowest at CH. A peak was observed in Wks 29 and 34, and parity was generally high at the end of the trapping season as mosquito populations plummeted. The weekly pattern of parity rates at WB during 2010 largely conformed to the 2009 pattern, with peaks at Wks 25 and 29, and with higher rates at the end of the season.
Remotely sensed vegetation dynamics was effected by the buffer distance, with the 1 km buffer more often showing a shorter, later period of plant maturity. EVI data showed that CH had the latest start and shortest growing season and was the least green at maturity, while GH had the longest season and was the most green (Figures 1 and 3) . Plant maturation on average began in late June through July and was earlier at GH than WB or CH. All locations recorded plant senescence in August, but WB retained the highest level of greenness as measured by EVI onset greenness minimum, possibly because of more evergreen forest in the vicinity. Figure 1 shows a different geographic pattern near each of the three sites in EVI amplitude as measured by pixels displaying the difference between maximum (greenup) and minimum (dormancy) EVI values. This measure of plant seasonality showed higher, more uniform values on average in the DPRK compared to the ROK.
Location-specific seasonal variation in the weekly trap/ night catches for Anopheles belenrae, An. kleini, An. pullus, and An. sinensis, estimated from the subsamples that were identified to species, for the three collection sites is apparent (Figure 3) . However, An. sinensis appears to be generally more abundant later in the season (Wks 33-36), while An. pullus had high numbers in Wks 35-36, and An. kleini and An. belenrae were more commonly collected earlier in the season (Wks 29-31, and before Wk 34, respectively). Within-site synchronicity between species numbers was observed, particularly between An. sinensis and An. pullus later in the season for CH and WB. Peaks in abundance of An. sinensis were observed at all sites after the period of vegetation maturity, at least for the average of 5 and 10 km buffers (Figure 3) .
Degree-days estimated throughout 2009 for gonotrophic cyle and egg/larval, and pupal development, and the proposed timing and duration of various mosquito life stages (nulliparous and parous adult stage, and egg, larval, and pupal stages) based on temperature conditions for three locations in the ROK are given in Figure 4 . It was assumed that adult biting commences when daily maximum temperatures first exceed 12º C (Wk 12) and that the nulliparous stage (pre-blood feeding) lasts two days. According to this scenario, a minimum of nine to ten life cycles per year are predicted with estimated peaks in nullipars at WB during Wks 12, 20, 24, 27, 29, 32, 35, 38, and 42 (Figure 3) . The gonotrophic period, as calculated from degree-days, varied from two to seven days in Wks 24-41 at WB, two to five days for Wks 27-41 at CH, and two to five days for Wks 27-41 at GH.
Weekly changes in longevity and the proportion and abundance of nulliparous and parous females for each mosquito species and collection site, and EIP for P. vivax are given in Figures 5 and 6 . For display purposes, longevity estimates were capped at 149 days and the numbers and days are shown as log (n+1). Periods predicted to be suitable for parasite development occurred when longevity exceeded the EIP. The EIP was shortest during Wks 31-34 and increased thereafter as the temperatures declined. Periods when mosquito longevity was predicted to exceed the EIP included: Wk 29 for An. belenrae (at WB and GH) (Figure 7) . A peak in birth rate for An. belenrae during Wk 31 was recorded for GH and WB. For An. sinensis, mortality generally increased towards the end of the mosquito season, and birth rate decreased from at least Wk 36. Zero An. kleini nullipars were captured from Wk 36 ( Figure 6 ) and this is reflected in the low . Line graphs showing calculated daily degree-days (°C) available for development of an egg batch, and the egg, larva, and pupa, for Anopheles sinensis, based on meteorological data at three locations in the Republic of Korea. Bar graphs show the predicted dates of egg, larval, and pupal stages for the first cohort, based on accumulated degree-days at each location. It was assumed that adult biting commences when daily maximum temperatures exceed 12° C (in Wk 12), and that the nulliparous stage lasts two days. birth rate from that time for WB (Figure 7) . A peak in mortality of all four species occurred around Wk 37 in at least some locations (Figure 8 ), and this coincided with a drop in abundance ( Figure  3) .
A positive relationship between birth rate and mortality was apparent at CH up to Wk 35, after which it appeared to be negatively related (Figures 7 and 8) . For An. sinensis, mortality rate rose toward the end of the mosquito season as mosquito population densities declined. An apparent positive relationship between abundance of An. sinensis nullipars and mortality was observed at CH for Wks 28-34.
DISCUSSION
Overall, An. sinensis was the predominant mosquito collected at all sites, and populations peaked just after the remotely sensed period of maximum greenness at all sites. By contrast, Chang et al. (2016) caught more An. kleini, An. pullus, and An. belenrae than An. sinensis, from black light trapping in multiple locations in relatively malarious regions near the DMZ. Abundance peaks in our study usually comprised both nulliparous and parous specimens, but there were location-specific differences in the timing of peaks of abundance and parity. Parity showed synchronicity between the three locations and between 2009 and 2010 for WB, and was highest from September and lower during maximum greenness to the start of plant senescence. Area-wide changes in parity suggest a common cause; information on local larval habitat and agricultural practices may explain location-specific effects. Periods when mosquito longevity was predicted to exceed the EIP (i.e., when P. vivax transmission is possible) included: Wks 29, 31, 34, and towards the end of the season (Wks 36-37). If yearly variation is minimal, only the elevated risk predicted during Wk 29 would be relevant to the July, 2011 peak in vivax malaria cases reported by Chang et al. (2016) . Anopheles birth rate generally declined towards the end of the trapping season, but otherwise each location displayed a different pattern for calculated birth rate and mortality. The forces influencing these demographic parameters appear to be geographically and temporally variable. Briet (2002) showed that for An. gambiae from Cote d'Ivoire in 1991 the curve of the mortality rate was strongly positively correlated to the biting population density, which he suggested may be due to a densitydependent regulatory mechanism, but in 1992 the mortality peak fell months before the biting population density peak, suggesting a different mechanism, such as rainfall, was at play.
The timing and duration of mosquito life cycles through 2009, as estimated by degree-days, did not coincide with all of the observed peaks in abundance of nullipars and parous mosquitoes, suggesting either that a deterministic thermal approach may not account for all the variables (e.g., rainfall) affecting mosquito production, or that the assumptions regarding degree-day requirements for the different life stages were incorrect. Another complication is the accumulation of overlapping life cycles from multiple egg batches from older females, the frequency of which should increase as the mosquito season progresses. According to our scenario, An. sinensis from GH and WB would enter winter as larvae and at CH as adults. In a review of the hibernating habit of An. sinensis s.l. in the ROK, Ree (2005) , noted that other authors have recorded overwintering adults outdoors, but the species and parity status is not known. Ree (2005) observed that first generation An. sinensis larvae appeared in mid- April, 1967 (Wks 15-16) A dip in abundance observed around August coincided with decreased longevity, but this may not be the cause. Lower mortality was estimated for this period of reduced abundance , after which mortality increased and birth rate generally decreased. At WB, where enough of other species were collected to enable a comparison, this effect was observed across An. sinensis, An. kleini, An. pullus, and An. belenrae, suggesting a common cause. Similarly, a dip in abundance was observed for other non-Anopheles mosquito species during this time (data not shown). For the three sites, increased abundance followed the end of the period of maximum greening and the start of plant senescence. The presence of large numbers of newly emerged mosquitoes is expected near larval sites, and when irrigation of rice paddies is undertaken, larval sites may occur close to trapping sites. The lack of concordance may indicate that abundance is not related to plant phenology, only partially related, or that it is the result of a dynamic system where other factors are involved. The resolution of the remotely sensed phenology data (500 m) meant that some pixels would overlap multiple habitat types (e.g., rice paddies and forest), which is more likely at WB. Mosquitoes coming to traps are composed of local (recruitment) and outside (immigrant) mosquitoes. "Local" can be related to ecological concepts such as "neighborhood, " and determining neighborhood size would be informative but was not the subject of this study. In the ROK, Anopheles have been reported to disperse less than 5 km and rarely over 10 km (Shim and Kim 1999) , although Moon and Cho (2001) recorded a mean dispersal of 6 km with a maximum of 16 km. It is not clear what advantage longer distance dispersal would have in the ROK, where larval habitats related to rice growing are common and widely spread but impacted by rainfall and agricultural practices such as irrigation and drainage. The landscape at different distances around trap sites contains multiple habitat types exhibiting different EVI amplitudes (Figure 1 ) but we only report average values, which probably lumps areas (pixels) of low and high relevance to mosquito life history and resulting trap numbers. EVI amplitude measurements showed higher, more uniform values on average in the DPRK compared to the ROK, possibly related to the high level of tree clearing in the former country, but how this relates to mosquito seasonality or dispersal across the border is not known. Foley et al. (2012b) showed synchronous peaks (24 Jul = Wk 30, 14 Aug = Wk 33, 11 Sep = Wk 37) among the four species considered here, from a single location within the DMZ during 2010. Anopheles belenrae and An. kleini tended to peak earlier than did An. pullus and An. sinensis. WB is the closest site considered here to that DMZ location, and it is notable that we recorded peaks in abundance of Ps at WB roughly one week earlier in 2009, i.e., An. sinensis (Wk 29 and 36), An. belenrae (Wk 29), An. kleini (Wk 29), and An. pullus . Further research is warranted concerning the appropriate buffer extent to use, the role of landscape type, quantifying recruitment vs immigration, the location of larval production within buffers, and the appropriate resolution of remotely sensed data to use for mosquito studies.
Although some weeks were not sampled and anophelines were pooled in the study by Oh et al. (2010) , they found that parity estimates on Ganghwa Island peaked at Wk 37. This was near the start of the period of high parity (due to low trap numbers of newly emerged mosquitoes) shown in the present study (Figures 2). Oh et al. (2010) suggested that these patterns are consistent between years, which our data support. Oh et al. (2010) used a blacklight trap but it was situated around three villages, whereas the black light trap in this study (at GH) was located adjacent to a cow shed and may be biased towards older individuals and those resting after a blood meal; the Mosquito Magnet collects females seeking a blood meal. While their parous rate peaked in Wk 37, parity in this study continued to be high due to the absence of nullipars (except for a few An. belenrae) after Wk 36 (6 September), probably as a result of reductions in newly emerged individuals due to changes in photoperiod and lower temperature and levels of standing water in rice paddies and flooded depressions. Abundance peaks reported by Oh et al. (2010) varied from site to site, but overall populations peaked in Wks 34-35 compared to Wks 33-34 in this study. However, both studies observed a sudden reduction in numbers (deterioration in conditions) at the end of the mosquito season in October/November. Improvements to this study could include more frequent trap catches, the use of replicate traps at each location for better accounting of location to location effects, and the use of portable weather sensors closer to traps than the nearest meteorological stations to give a more accurate thermal profile for estimation of the EIP. Parity is assumed to accurately reflect longevity, but estimates will improve as new age grading techniques are developed (e.g., Hugo et al. 2008) . The calculation of EIP based on degree-days assumes that mosquitoes do not utilize microclimates that may differ markedly from ambient temperatures, thereby decreasing or increasing the gonotrophic cycle and the time for malaria parasite maturation. In addition, the degree-day calculation of the gonotrophic cycle does not account for other factors, such as nutrition, and the likely extended period before the first blood meal. Synchronicity of parity estimates from the three study sites is assumed to be due to area-wide factors, not due to mixing of mosquitoes among these sites, and is assumed to occur every year; but a longer time series would be needed to test that assumption. Finally, our conclusions about seasonality assume that there is no change in mosquito behavior towards the end of the season. Oda et al. (1988) found that An. sinensis s.l. females in the Nagasaki area of Japan that emerged before late September are gonoactive with well-developed follicles, whereas shorter day lengths in the later part of the mosquito season resulted in females in a diapausing state that had less-developed follicles and did not take blood meals.
Future studies relating times of risk for malaria transmission, when longevity exceeds the EIP, to concurrent data on human malaria cases or infections of field-collected mosquitoes, could serve to validate the use of mosquito demography as an estimator of risk. Chang et al. (2016) reported PCR identified vivax infections of Anopheles species collected from blacklight traps, which suggests that a validation experiment could be conducted focused on malarious areas near the DMZ. However, care must be taken to ensure that oocyst DNA contamination of mosquito head and thorax (Foley et al. 2012a ) and false positivity of PCRs as reported by Harrison et al. (2013) is minimized or eliminated. Studies may have to be focused on species that are likely to be the primary vectors; the evidence to date suggests that An. sinensis is not the primary vector in the ROK. Extended sampling would provide an evaluation of the generality of seasonal trends observed here across different years and locations. Also, is parity responsive to agricultural practices and areas that flood during rains?
In conclusion, consistent area-wide changes in parity were detected at three sites in Gyeonggi province, ROK, which suggests a large demographic neighborhood size. Sentinel locations and remotely sensed data may be useful to monitor these changes. However, location-specific effects were detected for adult abundance, longevity, mortality, and birthrate, which limit generalizations. These epidemiologically important variables may be difficult to predict without detailed information on the type and amount of larval habitat, timing and extent of local agricultural practices, and rainfall patterns. The use of degree-days to estimate when EIP exceeds longevity offers a potential method to predict when conditions are most suitable for transmission of P. vivax.
